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Abstract: A temporal double-slit experiment with attosecond windows in the time domain
has recently been reported. This note demonstrates that the quantum mechanics behind this
remarkable experiment is analogous to that for the spatial double-slit experiment for photons or

massive particles.



Contemporary chemistry is built on a quantum mechanical foundation, and prominent among the
fundamental concepts of quantum theory is the superposition principle. Previously the author
and others have illustrated the importance of the superposition principle in understanding
chemical and physical phenomena [1-5]. Furthermore, the primary literature is replete with
manifestations of the quantum superposition in current research [6-8]. Very recently, for
example, Hawking and Hertog [9] have published a theory of the origin of the universe based

squarely on the superposition princple.

As Richard Feynman demonstrated, the spatial double-slit experiment is a simple and compelling
example of the quantum superposition in action [10-11]. All fundamental quantum mechanical
phenomena, according to Feynman, can be illuminated by comparison to the double-slit

experiment [11].

Now this paradigmatic experiment has a companion in the temporal domain. A temporal double-
slit experiment with attosecond windows was recently reported by an international team led by
Gehard Paulus [12]. This note demonstrates that the quantum mechanics behind this remarkable
experiment is analogous to that for the spatial double-slit experiment for photons or massive

particles.

The spatial and temporal experiments for electrons, juxtaposed in Figure 1A [13], are analyzed
in terms of conjugate observables united by a Fourier transform. For the spatial experiment the
observables are position and momentum, while for the temporal version they are time and

energy.

In the spatial double-slit experiment illumination of the slit screen with an electron beam places

each electron in a superposition of being simultaneously at slits located at x; and x,.
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According to quantum mechanical principles spatial localization at two positions leads to

2



delocalization and interference fringes in the electron’s momentum distribution. This can be
seen by a Fourier transform of equation (1) into momentum space, initially assuming

infinitesimally thin slits.
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Clearly the two exponential terms will oscillate in and out of phase for various values of the

momentum. (See the Appendix for mathematical background on the Dirac brackets used in this

paper.) For finite spatial slits of width 6 the momentum wave function is given by equation (3).
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The observed diffraction pattern is actually the electron’s momentum distribution projected onto

the detection screen, as is revealed by a graphical representation of K p | ‘I’)‘ ’ [14].

In the temporal double-slit experiment a very short laser pulse (~5 fs), which consists of two
maxima (temporal double-slit) and one minimum (temporal single-slit) in the electric field, is

used to ionize individual argon atoms.

As shown in Figure 1A, the maxima and minima accelerate the ionized electrons in opposite
directions. An electron traveling to the right-hand detector is represented by a linear
superposition of being ionized at two different times as shown in equation (4). This note is
concerned solely with interpreting the double-slit behavior manifested in the major interference
fringes in Figure 1B. The minor fringes associated with single-slit ionization are discussed in

reference [12].
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The kinetic energy of the ionized electron is measured at the detector, and as Figure 1B shows
interference fringes are observed in the kinetic energy distribution. A Fourier transform of
equation (4) into the energy domain reveals the origin of the fringes; the probability amplitudes
for being ionized with kinetic energy E at the two different times interfere constructively and

destructively.
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For finite windows of time duration & equation (5) becomes,
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Figure 2 shows that a plot of KE | ‘P>‘2 vs E using equation (6) with estimates for t;, t, (At) and &

from reference [12] generates a 15 eV envelope with 11 prominent interference fringes. This
calculated result is in reasonable quantitative agreement with the experimental data displayed in

Figure 1B.

The temporal double-slit diffraction pattern reported in reference [12] is a single-electron effect
— only one ionized electron is being observed at a time. Likewise the spatial analog has been
performed at low source intensity such that there is only one electron in the apparatus at a time
[15,16]. The fact that an interference pattern is observed under single-particle conditions leads
to terms such as single-particle interference or self-interference. Glauber [17] has argued against

such language because it is physically misleading.



The things that interfere in quantum mechanics are not particles. They are
probability amplitudes for certain events. It is the fact that probability amplitudes
add up like complex numbers that is responsible for all quantum mechanical

interferences.

The interference of probability amplitudes that Glauber identifies as the source of all quantum
mechanical interference phenomena is clearly revealed in the mathematical analysis provided in

this note; it is especially clear in equations (2) and (5).



Appendix

A one-dimensional plane wave traveling in the positive x-direction has the following

mathematical form.
. 27X )
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Substitution of h/p for A (de Broglie) and E/h for v (Planck/Einstein) transforms F(x,t) into a

quantum mechanical free-particle wave function.

Y(x,t)=exp (%j exp (—%)

Assigning Dirac brackets containing the complementary observable pairs to this equation yields,

(x|p)= eXp(i%xj and  (t|E) =eXp(_i%j

Dirac notation reveals that these equations are Fourier transforms between complementary
variables. The complex conjugates of these relations are used in the analysis presented in this
paper.
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Additional information on Dirac notation is available online [18].
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Figure 1. (A) Comparison of the spatial single/double-slit experiment (left) and the temporal
version (right). (B) The results for the time domain experiment. The major interference fringes
are due to the double-slit ionization, while the minor fringes are due to the single-slit effect (see
reference [12] for an explanation as to why they are observed). The difference between panels |
and II is a 180° phase shift in the electric field of the ionizing laser, as indicated in the figure

insets. (Permission to reproduce this figure is pending.)
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Figure 2. Relative electron kinetic energy distribution in eV. Estimating from reference [1] that

At=1t,-t;=2.9 fs and & = 500 as yields a 15 eV envelope showing 11 interference fringes.
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